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We examine neutrino oscillations in a two Higgs doublet model (2HDM) in which the second
doublet couples only to the isospin —|—% third generation fermions. The inherently large tan § of this
model, naturally accounts for the large top mass and, when embedded into a seesaw mechanism,
also for the observed neutrino masses and mixing angles giving —0.017 < 613 < 0.021 at 99% CL.
The large value of tan 3 also sets the mass scale of the heaviest right-handed Majorana neutrino

and triggers successful leptogenesis.
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A monumental discovery of the past decade is that
neutrinos have mass! This discovery is bound to have a
significant impact on our understanding of the universe.
It also presents us with a pressing challenge: unraveling
of the mixing matrix in the lepton sector. When we reca-
pitulate the analogous quark case we can easily grasp the
importance and the difficulties of this new task. Indeed,
an obvious but nonetheless crucial question is the rela-
tion of the mixing matrix in the lepton sector to that in
the quark sector. Intensive experimental effort is under-
way and much more is being planned, round the globe,
to address these issues of vital importance.

In this work we suggest that these impressive findings
in the lepton sector are closely related to another re-
markable finding of the 90’s in the quark sector, namely
that the top quark is enormously heavy compared to
all the other quarks. Specifically, we will propose a
simple, grounds-up approach which treats the 3rd gen-
eration neutrino in a completely analogous manner to
the top quark. This reasoning leads us to a concrete
framework for neutrino masses and mixings with con-
siderable predictive power. For example, we find that
the crucial mixing angle 613, which is an important tar-
get of many neutrino experiments, is quite constrained,
—0.05 < 613 < 0.035, in our picture.

Needless to say, these observations of neutrino oscilla-
tions [1], confirming the existence of massive neutrinos,
implies that the Standard Model (SM) can no longer be
regarded as a minimal theory that explains all observed
phenomena in Particle Physics. Bearing this in mind,
our objective here is to present a simple extension of
the SM, which will serve as a low energy effective theory
which captures the dominant features of phenomenology
and models some underlying complicated dynamics of
electroweak (EW) symmetry breaking at distances much
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shorter than the EW scale.

Recall the allowed 30 ranges on the atmospheric and
solar neutrino square mass differences and mixing angles
(including the CHOOZ 7, disappearance experiment) [2]:

7.3<Am?,-10°eV? <93 | 0.28 <tan’6,, < 0.6,
1.6 < Am?2,,, -10° eV? < 3.6 , 0.5 <tan?f,, < 2.1,
sin? 0., < 0.041, (1)

where in the normal hierarchical scheme, m; << mo <<
ms, we have Am? ; = Am3,, Am2,,, = Am3; and 05, =
012, Oatm = 023, Och. = O13.

In order to explain the above neutrino mass differences
without introducing extremely small and unnatural neu-
trino Dirac Yukawa couplings, the general practice is to
add superheavy right handed Majorana neutrino fields,
N;, and rely on the seesaw mechanism for generating sub-
eV light neutrinos:

L=Lsy+ Ly(N,L,¢) + MiIN;N;/2 (2)

where, in the minimal setup, Ly (N, L, ¢) = Y} L; HNj,
with L; = (v;r,¢;r) and H is the only Higgs doublet
that couples to neutrinos. Then, the light neutrino mass
matrix is given by the see-saw mechanism as:

m, = —mDMK,lm:,g , (3)
with mp =0vY" and v =< H >.

In this work we wish to propose a 2HDM, which we will
name the “2HDM for the 3rd generation” (3g2HDM),
that can naturally account for the observed neutrino
masses and mixing angles, by relating the neutrino sec-
tor to the up-quark sector and giving the third gener-
ation right-handed neutrino similar status as the top-
quark. This allows for a natural explanation of both
the large mass of the top-quark and the apparent hi-
erarchical structure in the neutrino sector. In particu-
lar, we extend the idea of the so called “2HDM for the
top-quark” (t2HDM) [3] to the leptonic sector. In the
t2HDM one assumes that ¢o [the second Higgs doublet
with a much larger vacuum expectation value (VEV)]



couples only to the top-quark, while the other Higgs dou-
blet ¢ (with a much smaller VEV) couples to all the
other fermions. The large mass hierarchy between the
top quark and the other quarks becomes natural once
va/v1 = tan >> O(1), which, therefore, becomes the
“working assumption” of the t2HDM.

The t2HDM has several other notable features, such as
enhanced Hbc and H ce couplings, new flavor changing
HO%c and Htu interactions and new CP phases. Thus,
the t2HDM can influence CP-violation in B physics [4],
flavor changing Z-decays [5] and the production of a
Higgs in association with a c-jet or a b-jet in hadron
colliders [6].

Following the idea of the t2HDM, we propose the fol-
lowing Yukawa interactions in the 3g2HDM:

Ly = — Y°Lpgilp — YQréidr
— Y"Qréiur — Y5'Qroour
— YLt N =Yy LpgaN | (4)

where N are right-handed Majorana neutrinos, () and L
are the usual quark and lepton doublets and

aV puv 0 00 0
leu,u = (au,u oY O) ; YQHW = (0 0 Cu,u) 5(5)
0 obwr 0 0 %

such that, in both the quark and leptonic sectors, ¢2
couples only to the third generation isospin +1/2 SU(2)
fermions. Note that, in (5), J is assumed to be a real
parameter of O(1). Also, we have chosen (Y;“")13 = 0
and (Y5"")31 = 0; this is required in order to simplify our
discussion below and to avoid unnatural values for some
of the neutrino Yukawa couplings when confronted with
the experimental limits on neutrino masses and mixings
(in fact, it is sufficient to set only (Y3 )13 — 0 in order to
avoid fine tuning in the neutrino Yukawa sector). Such
zero entries in Y7 and Ys may result from a vanishingly
small overlap between the wave functions of N and L
with the corresponding indices in extra-dimensional mod-
els (see e.g., [7]), or from some flavor symmetry of the un-
derlying short distance theory. Also, without loss of gen-
erality, we have made a further simplification by choosing
similar Yukawa couplings within each generation. That
is: (Y7"")i(i = 1,2) ~ a™", (Y{"")i2(i = 1,2,3) ~ b*V
and (Y5 )is(i = 2,3) ~ V.

Then, Ly yields the following Dirac neutrino mass
matrix (from now on we drop the superscript v):

0 <a b 0 )
mp~—7=|a b cg], (6)
V2\0 6 et

where tg = tan § = va/v1. In the basis where My is diag-
onal (one can always choose a basis for the fields N such
that My is diagonal), My = M -diag(epn, €n2, €pm3), we
then obtain from the seesaw mechanism in (3):

€ € 0€
ml,:m?,<~ €+ w 5€—|—w> , (7)
. e+ w

where
2 b2 2 22
e= 2L 42 e=e-2 u=—2, (8)
EM1 EM2 EM1 €EM3
and
m? = (v1)?/2M (9)

In the limit w >> ¢, €, 6, the physical neutrino masses
and mixing angles are then given by [8]:

tan 2693 ~ 6(5227‘757’)’ tan 2015 ~ 2%, 013 ~ % ,
mi ~ em?, {1 — gsin 2615 + fsin2 912} ,
Mo ~ em?, {1 + gsin 2615 + fcos2 912} ,
ms ~ 2wm? (10)

where we have defined the parameters:
r=e/E g=|r—08|/V2/r, f=(6—25—1r)/2/r (11)

In the following, we will assume normal hierarchy for the
light neutrinos: ms >> msy >> my, therefore leading

to mg ~ \/Am2,, and ma ~ /Am? ;. Thus, setting
2mY ~ \/Am? . it follows from the expression for mg in
(10) that w ~ /AmZ,,, /Am?2 .

Note that, using the definitions for w in (8), for m? in
(9) and the fact that m; ~ ctgz x (v1/v/2), our model
yields the following seesaw triple-relation between the
heaviest light neutrino, the heaviest right-handed Ma-
jorana neutrino and the top quark:

2

m
~ 2t 12
L Ve (12)

Moreover, from (9) with 2mQ ~ y/Am? , we obtain the
typical mass scale (M) of the heavy right handed neutri-
nos:

2 2
U1

oo
ATnzol t% \% ATnzol
where, in the last equality, we have taken m; ~ wvy/v/2
and tg ~ O(10), which are the “working assumption”
values within the 3g2HDM.

In the following numerical analysis, we will set w ~
VAmM2, JAm?2, =518 and m{ ~ /Am? /2 = 4.53 -
1072 eV, which correspond to the best fitted values [2]:
Am2,, =2.2-1073 [eV]? and Am?; =8.2-107° [eV]*.
We note, though, that the best fitted set of input param-
eters (obtained by performing a minimum x?2 fit of our
model to the experimentally measured values of atmo-
spheric and solar neutrino masses and mixing angles [2])
is:[17) w ~ 5.34, € ~ 0.57, § ~ —1.28 and r ~ 1.

In Fig. 1 we give a scatter plot of the allowed ranges
in the 013 — 023 and 6,3 — 012 planes, i.e., subject to
the 30 limits listed in (1). This is done by randomly

M ~

~ 10" GeV, (13)



varying the three input parameters ¢, r and ¢ (requiring
w >> €, € 0) with a sample of 3 - 10% points. We see
that the 3g2HDM predicts ;13 to lay within (in radians):
—0.05 < 613 £ 0.035. In fact, a minimum y? analysis with
respect to 613 yields:

—0.017 £ 013 $0.021
with the best fitted value at 613 ~ —0.011.

99% CL , (14)
In Fig. 2

0, [deg]

-4
41 42 43 44 45 46 27 29 31 33 3B 37
0,, [deg] 0,, [deq]
FIG. 1: The allowed ranges in the 613 — 023 (left) and 613 — 012

(right) planes, for w ~ 5.18 and m$, ~ 4.53-1072 eV. See also
text.

we give a scatter plot of the allowed regions in the § — €
plane, in two limiting cases:[? ]

. 2 2
case I 7 ~ 1 (e ~ €), corresponding to 2— << 22—,
€M1 EM2

a? b2
~J .
€M1 €M2

case II: r ~ 2 (e — 2€), corresponding to

We see that case I (corresponding to the best fitted value
for r [9]) is compatible with neutrino oscillation data for
045 eX0.7with —1.7 £ 6 & —1, while the allowed range
for case IT'is 0.5 € 0.8 with —24 X85 —1.4. As an
example, in table I we give the neutrino mixing angles
and masses in cases I and II, for some specific values of
the allowed parameter space.

casel: r=1 casell: r=2
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FIG. 2: The allowed ranges in the e — § plane, for cases I
(left) and II (right). See also caption to Fig. 1.

Let us now examine the consequences of our model on
the mass spectrum of the heavy Majorana neutrinos, tak-
ing into acount the above constraints coming from neu-
trino oscillation. For definitness, we will consider case I

TABLE I: Mixing angles and neutrino masses in cases I and
II with € = 0.5 and € = 0.75, respectively. For both cases
§=—1.5, w~5.18 and m) ~ 4.53- 107> eV.

§=—15 w~518 md ~4.53-1073 eV
case (E) 923 912 913 mi [eV] ma [eV] ms [GV]
1(05) || 43° [29.5°[-1.14° 0 0.0093 | 0.047
11 (0.75)||44.7°35.9°| 0.69° [3.5-107*| 0.0092 | 0.048

(i.e., r ~ 1, which we find as the best fitted value with
respect to oscillation data), and based on quark-lepton
similarity, we will take the following Ansatz for the neu-
trino Dirac Yukawa couplings:

a~0(107%), b~ 01071, c~0(1) . (15)
Indeed, this choice follows from the assumption that the
Dirac mass matrices of isospin +1/2 quarks and leptons
exhibit a similar hierarchical structure. This Ansatz is,
therefore, natural in the 3g2HDM under consideration,
since this model is constructed in order to simultaneously
explain the large top mass and the hierarchical struc-
ture of the neutrino masses, by relating the quark sector
to the leptonic sector. That is, taking v; ~ O(10) and
ts ~ O(10), this Ansatz follows from the up-quark sector;
avy ~ O(my,), b%*v1 ~ O(m,) and my ~ O(c%v; tan (),
if one assumes the quark-lepton similarity: a* ~ a” ~ a,
b* ~b¥ ~ b and c* ~ ¥ ~ c.

It is then easy to extract the mass spectrum of the
heavy Majorana neutrinos in our Ansatz, subject to the
constraints given in (1). In particular, from (12) we have:

~2m3?/\/Am2,, ~ 10" GeV . (16)
Furthermore, we find that our Ansatz (15) yields the fol-
lowing masses for Ny and N; [for r ~ 1 and for € ~ O(1)
in accord with the constrains coming from neutrino os-
cillations, see Fig. 2]:

My, ~1072M , My, >>1075M | (17)

which, for M ~ 10!3 GeV [see (13)], gives My, ~ 10
GeV and My, >> 107 GeV.

Let us examine how the 3g2HDM with our quark-
lepton similarity Ansatz in (15) and with » ~ 1 and
e ~ O(1) fits into the mechanism of leptogenesis [12].
Leptogenesis is an additional attractive feature, associ-
ated with the seesaw mechanism, since it allows the pos-

0.4
-2.5-23-21-19-17-15 -1.3gibility of generating the observed baryon excess in the

universe from a lepton asymmetry, driven by decays of
the heavy Majorana neutrinos [10-12]. In particular, a
CP-asymmetry, ey,, in the decay N; — £¢; can generate
the lepton asymmetry (see e.g., [10, 11]):

TLL/SZGN,iYNi(T >> MNL)H s (18)

where Yy, = np,/s, ny, being the number density
of N; and s the entropy, with Yy, (T >> My,) =



135¢(3)/(47*g.) and g. being the effective number of
spin-degrees of freedom in thermal equilibrium. Also, n
is the “washout” parameter (efficiency factor) that mea-
sures the amount of deviation from the out-of-equilibrium
condition at the time of the IV; decay.

The lepton asymmetry ny, /s can then be converted into
a baryon asymmetry through nonperturbative spheleron
processes. The conversion factor is [13]: np/s =
—(8Ng +4Ng)/(22Ng + 13Ng) x nr /s, where Ng and
Ny are the number of generations and Higgs doublets,
respectively. Thus, in our case, i.e., Ng = 3, Ny = 2
and g, 2 100, we obtain:

np/s~—1.4x10"3en,7 . (19)

As seen from (16) and (17), our 3g2HDM can lead to a
hierarchical mass spectrum for the heavy Majorana neu-
trinos, My, << My, << My, within a large portion
of the allowed parameter space. In particular, imposing
My, << My,, from (17) and with M ~ 10'* GeV, we
get: My, ~ 10% —10'° GeV. With such an hierarchical
mass spectrum, only the CP-asymmetry produced by the
decay of Nj survives.

In a model with two Higgs doublets, the CP-
asymmetry ey, is given by the sum of the individual
asymmetrles e% and eN associated with the decays

— (P and N1 — €<I>2, respectively, where ®; and
<I>2 are the physical Higgs states. In particular, for
My, << My, , (see e.g., [14]):

@ 1 1 T
N R — Im (hahb)l(h ha)l’
N 167T(hjlha)11 b§2j§3 [ o ’
M
+2(hlha)1j(h};hb)1j} Mgl {(20)

J

where a = 1, 2. In the 3g2HDM, the physical Higgs states
®; and ®; are given by the transformations: ¢; = cg®;—
s3®P9 and ¢o = s3P1 + cgP2, where sg, cg = sin 3, cos S.
Then, the neutrino Yukawa couplings to ®; and ®9 are:
hi1 = cgY +535Yy and hy = —s3Y7" +cgYy’, respectively,
where Y}’; are given in (5). Using (20), we then get (for
tan? 3 >> 1):

q;.z 3b2 ]\4]\/'1

6%11 =y~ % sin2(0, — 0,) , (21)
2
where we have assumed a = |a|e?s = [ble™ and

c = |c[e? in (5). Thus, using (13) and e ~ b%/epra (as
implied by a fit of the 3g2HDM to neutrino oscillation
data, i.e., r ~ 1), we obtain (setting ey, = 6%11 + e%ﬁ):

24/ Am2,
3 N el e sin2(0y — 0a) . (22)

N T m?

The efficiency factor, n, which measures the amount
of lepton asymmetry left from the CP-asymmetry ey, , is
calculated by solving the appropriate Boltzmann equa-
tions. The key parameter entering the Boltzmann equa-
tions is the “decay parameter”, defined as [11]: K =

Ty, /H(T ~ MNl) where I'y, is the total decay width

of Ny and H(T) = +/4n3g./45T?%/Mpjani is the Hub-
ble expansion rate In particular, K measures the

amount of asymmetry-damping caused by the inverse
N7 decay, thereby reflecting on the washout parameter
7. In our model, I'y, = Fq)l + Fq)z, where F<I>11,2 =
(hd oh1,2)11 My, /8, thus giving I 2/1"<I>1 = t% There-
fore for a large tan 8 (appropriate to the 3g2HDM), the
decay parameter K is dominated by the decay N1 — (P,
and is given by (for g, ~ 100):

MPlank

K ~48x107 %2 ,
My,

(23)

which, for a ~ 1073 [i.e., Ansatz (15)], gives 6 < K < 60
if e.g., My, ~ 10° —10'° GeV. In this range of values for
the decay parameter (corresponding to the “mildly strong
wash out” regime), the relation n ~ 0.5/ K2 constitutes
a good fit to the numerical solution of the Boltzmann
equations, see e.g., P. Di Bari in [11]. Thus, using the
above fit for n and the CP-asymmetry in (22), the baryon
asymmetry in (19) becomes:

A SO
ns 10—1757 VA M%2sin2(6, — 0,) . (24)

5 m?

This has to be compared with the observed baryon to
photon number ratio ng/n, ~ 6 x 1071% [15], imply-
ing ng/s ~ 85 x 10~ For example, taking ¢ ~ 0.5
(see Fig. 2) and Am?2, ~ 8.2-10~° eV2, along with
tg ~ 10 and m; ~ 170 GeV, Eq. 24 reproduces the ob-
served baryon asymmetry for e.g., My, ~ 10'% GeV and
sin2(0, — 6,) ~ 0.05, or for My, ~ 2.7-10° if CP is
maximally violated in the sense that sin2(6, — 6,) ~ 1.

Summarizing, we have presented here a simple exten-
sion to the Standard Model, in a grounds-up approach,
which leads us to a framework for neutrino masses and
mixings with considerable predictive power. This can
clearly have significant impact on on-going as well as
planned experiments. To briefly recapitulate, we have
constructed a 2HDM in which the second doublet, with
a much larger VEV, couples only to the third generation
up-fermions (the top-quark and the 3rd generation right-
handed neutrino) and the other doublet couples to all
other fermions. Thus, this model envisions a close rela-
tion between quark dynamics and neutrino physics. The
key parameter of this 2HDM is tan 8 which is assumed to
be naturally of O(10) in order to explain the large mass
of the top-quark. We have shown that the large value of
tan 3 in this model is directly responsible for successfully
reproducing the observed neutrino oscillation data with
—0.017 < 013 < 0.021 at 99% CL, as well as the observed
baryon asymmetry of the universe through leptogenesis.
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